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The aim of the current study was to evaluate the effect of
sustained physiologic increase of ∼50 mg/dL in plasma
glucose concentration on insulin secretion in normal
glucose-tolerant (NGT) subjects. Twelve NGT subjects
without family history of type 2 diabetes mellitus (T2DM;
FH2) and 8 NGT with family history of T2DM (FH1)
received an oral glucose tolerance test and two-step
hyperglycemic clamp (100 and 300 mg/dL) followed by
intravenous arginine bolus before and after 72-h glucose
infusion. Fasting plasma glucose increased from 94 6

2 to 1426 4 mg/dL for 72 h. First-phase insulin secretion
(0–10 min) increased by 70%, while second-phase insu-
lin secretion during the first (10–80 min) and second
(90–160 min) hyperglycemic clamp steps increased
by 3.8-fold and 1.9-fold, respectively, following 72 h
of physiologic hyperglycemia. Insulin sensitivity dur-
ing hyperglycemic clamp declined by ∼30% and ∼55%
(both P < 0.05), respectively, during the first and
second hyperglycemic clamp steps. Insulin secre-
tion/insulin resistance (disposition) index declined
by 60% (second clamp step) and by 62% following
arginine (both P < 0.005) following 72-h glucose in-
fusion. The effect of 72-h glucose infusion on insulin
secretion and insulin sensitivity was similar in sub-
jects with and without FH of T2DM. Following 72 h of
physiologic hyperglycemia, metabolic clearance rate
of insulin was markedly reduced (P < 0.01). These
results demonstrate that sustained physiologic hyper-
glycemia for 72 h 1) increases absolute insulin se-
cretion but impairs b-cell function, 2) causes insulin
resistance, and 3) reduces metabolic clearance rate of
insulin.

b-Cell dysfunction and insulin resistance in liver and
muscle represent the core pathophysiologic defects in type
2 diabetes mellitus (T2DM) (1,2). Persistent hyperglycemia
has been shown to impair insulin-mediated glucose dis-
posal in humans and to induce b-cell dysfunction in animal
models of diabetes (3–6). These deleterious effects of
sustained hyperglycemia have been referred to as gluco-
toxicity (7). Prolonged exposure of human islets to hyper-
glycemia decreases insulin content and impairs secretion
(8,9). In humans, enhanced insulin secretion has been
noted with improved glycemic control (10,11). In contrast,
deterioration of insulin secretion has been shown in
animal models exposed to chronic hyperglycemia. In pan-
createctomized rats, physiologic hyperglycemia results in
marked b-cell dysfunction, while correction of the hyper-
glycemia improves the defect in insulin secretion (12). A
number of mechanisms have been proposed to explain the
glucotoxic effect of hyperglycemia on b-cell function, in-
cluding enhanced hexosamine flux, increased reactive ox-
ygen species, decreased PDX-1 expression, and increased
endoplasmic reticulum stress (13–16).

In humans, the effect of chronic hyperglycemia on
b-cell function is less clear. Some studies have shown no
effect (17), others have shown increased insulin secretion
in response to prolonged hyperglycemia (18–20), while
some studies have demonstrated a deleterious effect on
b-cell function (21,22). Further, while mild hyperglycemia
(8.8 mmol/L) failed to show any deleterious effect on
insulin secretion, more severe hyperglycemia (12.6 mmol/
L) caused marked impairment in b-cell function (22). In
part, these divergent results may be explained by the

1Division of Diabetes, Department of Medicine, University of Texas Health Science
Center, San Antonio, TX
2Audie L. Murphy VA Hospital, South Texas Veterans Heath Care System,
Foundation for Advancing Veterans’ Health Research, San Antonio, TX

Corresponding author: Ralph A. DeFronzo, albarado@uthscsa.edu

Received 12 February 2020 and accepted 6 October 2020

A.M. and D.T. contributed equally to the completion of the study.

© 2020 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit, and the
work is not altered. More information is available at https://www.diabetesjournals
.org/content/license.

204 Diabetes Volume 70, January 2021

P
A
T
H
O
P
H
Y
S
IO

L
O
G
Y

https://doi.org/10.2337/db20-0039
http://crossmark.crossref.org/dialog/?doi=10.2337/db20-0039&domain=pdf&date_stamp=2020-11-27
mailto:albarado@uthscsa.edu
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license


variable degree of hyperglycemia, duration of hyperglyce-
mia, methods used to assess b-cell function, and species
differences (i.e., humans vs. rodents). Further, none of
these previous studies accounted for the change in insulin
sensitivity when evaluating changes in b-cell function
following prolonged exposure to hyperglycemia.

The current study was designed to evaluate the effect of
a sustained (72-h) physiologic increase (;50 mg/dL) in
plasma glucose concentration on insulin secretion, b-cell
function, and insulin sensitivity in normal glucose-tolerant
(NGT) subjects without family history of diabetes (FH2).
Since we previously have shown that NGT individuals
with family history of diabetes (FH1) are more suscep-
tible to the deleterious effects of lipotoxicity (23), we also
examined if NGT subjects with strong FH of T2DM are
more susceptible to glucotoxicity than healthy subjects
without FH of T2DM.

RESEARCH DESIGN AND METHODS

Subjects
Clinical and laboratory characteristics of FH2 and FH1
subjects are shown in Table 1. FH1 subjects had at least
two first-degree relatives with T2DM. Twelve healthy NGT
subjects without FH of T2DM and 8 healthy NGT subjects
with FH of T2DM participated in study. No subject was
taking any medication known to affect glucose metabo-
lism. All subjects were in good general health as deter-
mined by medical history, physical examination, screening
blood tests, urinalysis, and electrocardiogram. Body weight
was stable (63 pounds) in all subjects for at least 3 months
prior to study, and no subject participated in an excessively
heavy exercise program. All studies were performed on the
Bartter Research Unit (BRU), South Texas Veterans Health
Care System, Audie L. Murphy VAHospital in San Antonio,
TX. The study was approved by the Institutional Review
Board of the University of Texas Health Science Center at
San Antonio, TX, and all study participants signed written
informed consent prior to participation. The data sets
generated during and/or analyzed during the current study
are available from the corresponding author upon reason-
able request.

Oral Glucose Tolerance Test
All subjects received a 75-g oral glucose tolerance test (OGTT)
at 8:00 A.M. following 10-h overnight fast to document normal
glucose tolerance. Blood samples were drawn at 230, 215,
and 0 min and every 15 min thereafter for 2 h for
determination of plasma glucose, insulin, and C-peptide
concentrations. Body weight and height were recorded.
Total body fat content and percent body fat were
determined by DXA on the day of the OGTT.

Hyperglycemic Clamp
Subjects were admitted to BRU at 6:30 A.M. on the day of
study after a 10–12-h overnight fast. A catheter was placed
into an antecubital vein for infusion of all test substances.
A second catheter was inserted retrogradely into a vein on

the dorsum of the hand, which was inserted into heated
box (60°C) to obtain arterialized blood. At the start of the
hyperglycemic clamp (time zero), plasma glucose concen-
tration was acutely raised and maintained at 100 mg/dL
above baseline for 80 min by a prime-variable infusion of
20% glucose (24). Plasma glucose, insulin, and C-peptide
were measured every 2 min during the first 10 min and
every 5–15 min for 70 min. At 80 min, plasma glucose
concentration was acutely raised and maintained at
400 mg/dL for an additional 110 min. Plasma glucose,
insulin, and C-peptide were measured every 2 min from
80 to 90 min and every 5–15 min from 90 to 160 min. This
provided a maximum hyperglycemic stimulus to insulin
secretion. At 160 min, an intravenous bolus of 5 g of
arginine was given, and plasma insulin response was
followed for an additional 30 min. Plasma glucose, insulin,
and C-peptide were measured every 2 min for 10 min
following arginine bolus injection and every 5 min for the
subsequent 20 min. Combined hyperglycemia (400 mg/dL)
and arginine provides a further stimulus for insulin secre-
tion (25,26). Following completion of the hyperglycemic
clamp, subjects received a meal and returned to home.

Within 3–5 days, subjects returned to BRU and received
a variable glucose infusion to raise plasma glucose con-
centration by ;50 mg/dL for 72 h. During the hospital-
ization for the 72 h, saline infusion subjects were on
a standard isocaloric weight-maintaining diet consisting

Table 1—Clinical and laboratory characteristics of
participants

FH2 FH1 P value

Number 12 8

Age (years) 50 6 4 48 6 3 NS

Sex (male/female) 9/3 4/4 NS

BMI (kg/m2) 26 6 0.9 26 6 0.6 NS

HbA1c (mmol/mol) 12.0 6 0.2 11.9 6 0.2 NS

FPG (mg/dL) 95 6 2 93 6 3 NS

2-h glucose (mg/dL) 102 6 6 107 6 5 NS

FPI (mU/mL) 9 6 1 11 6 2 NS

2-h insulin (mU/mL) 32 6 6 46 6 9 NS

F-CP (ng/mL) 2.6 6 0.5 2.3 6 0.2 NS

2-h CP (ng/mL) 9.4 6 1.6 13.5 6 1.8 NS

Matsuda index 5.30 6 0.7 3.63 6 0.5 0.05

DCP/Dglucose (0–120 min) 0.27 6 0.04 0.29 6 0.04 NS

SBP (mmHg) 121 6 5 128 6 3 NS

DBP (mmHg) 75 6 4 77 6 3 NS

Total cholesterol (mg/dL) 161 6 10 192 6 13 NS

Triglyceride (mg/dL) 90 6 15 225 6 82 NS

HDL (mg/dL) 49 6 2 42 6 3 NS

LDL (mg/dL) 94 6 9 114 6 8 NS

Data are mean 6 SE or n. CP, C-peptide; DBP, diastolic blood
pressure; F, fasting; FPG, fasting plasma glucose; FPI, fasting
plasma insulin; SBP, systolic blood pressure.

diabetes.diabetesjournals.org Merovci and Associates 205



of 50% carbohydrates, 20% fat, and 30% protein. During
the hospital admissions for the 72-h dextrose infusion, the
dietary caloric intake was moderately reduced to prevent

weight gain. During both hospital admissions, participants
were completely ambulatory while receiving the dextrose
and saline infusions.

Figure 1—Plasma glucose (A and B), insulin (C and D), and C-peptide (E and F ) concentrations and ISR (G and H) during the two-step
hyperglycemic clamp in FH2 and FH1 subjects before and after 72-h glucose infusion. Conven., conventional.
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On the morning of day 4, the glucose infusion was
stopped at 6:00 A.M. and plasma glucose concentration
allowed to drop spontaneously to the fasting level. This
ensured that both the increment in plasma glucose con-
centration and the absolute plasma glucose concentration
achieved during the hyperglycemic clamp were virtually
identical in the studies performed before and after 72 h
of glucose and saline infusion. At 8:00 A.M., the two-step
hyperglycemic clamp with arginine was repeated exactly as
previously described.

Calculations
The acute insulin (I0–10) response, the insulin secretory
rate (ISR0–10), and glucose-potentiated arginine-stimulated
insulin secretion (IArg 0–10) were calculated as the incremen-
tal area under the curve (AUC) for the first 10 min of each
hyperglycemic clamp step (0–10 and 80–90 min) and
following arginine (160–170 min). Second-phase insulin
secretion during the two steps of the hyperglycemic clamp
were calculated as the incremental AUC for insulin from
10–80 and 90–160 min. Insulin sensitivity was calculated
as the mean glucose infusion rate during last 20 min (60–
80 and 140–160 min) of each hyperglycemic clamp step
divided by mean plasma insulin concentration during the
corresponding period (M/I). The insulin secretion/insulin
resistance (IS/IR) (disposition) index was calculated for
the first and second phases of insulin secretion as product
of: M/I3 CP0–10, M/I3 CP10–80, M/I3 CP90–160, and M/I
3 CPArg 0–10, where CP 5 C-peptide. Since similar glucose
levels were achieved during both hyperglycemic clamp
steps before and after chronic glucose infusion, we did not
adjust for the plasma glucose concentration during the
calculation of the IS/IR index. The ISR was calculated from
deconvolution of the plasma C-peptide concentration curve
(27). The metabolic clearance rate of insulin (MCRI) was
calculated as the ratio of the rate of insulin disappearance,
RdIns, divided by the plasma insulin concentration (28).

During the fasting state, RdIns 5 ISR so MCRI was calcu-
lated as the ratio of ISR and plasma insulin concentration
(i.e., MCRI[0] 5 ISR[0]/I[0]). During the hyperglycemic
clamp, insulin Rd was calculated, taking into account the
change in plasma insulin concentration (i.e., as RdIns[t]5
ISR[t] 2 dI[t]/dt 3 VIns), and insulin clearance was
calculated asMCRI (t)5RdIns(t)/I(t), where VIns is the volume
of distribution of insulin, which was estimated as 140
mL/kg (29–31).

Analytical Measurements
Plasma glucose concentration was determined by glucose
oxidase reaction (Analox Glucose Analyzer; Beckman Coulter,
Fullerton, CA). Plasma insulin and C-peptide concentrations
were measured by radioimmunoassay (Coat-A-Count; Diag-
nostic Products Corp., Los Angeles, CA).

Sample Size Estimation
We hypothesized that the 72-h glucose infusion to create
sustained physiologic hyperglycemia would reduce parameters
of b-cell function and insulin sensitivity in NGT subjects
by;25%, similar to values reported in individuals with
prediabetes with impaired glucose tolerance. Based
upon this assumption, we estimated that 12 NGT
subjects would be required with a power of 90% and
a 5 0.05.

Statistical Analysis
Data are presented as mean 6 SEM. Comparison of vari-
ables before and after 72 h of glucose or saline infusion was
performed using a paired, two-tailed Student t test. When
more than two groups were analyzed, ANOVA was used.
P , 0.05 was considered statistically significant.

Data and Resource Availability
The data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request.

Figure 1—(continued.)
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RESULTS

OGTT
FH1 subjects had slightly, but not significantly, higher fasting
and 2-h plasma insulin concentrations (Table 1). FH1 subjects
also had a slightly reducedMatsuda index of insulin sensitivity
(3.636 0.50 vs. 5.306 0.70; P5 0.05), although there was
no difference in indices of insulin secretion obtained from
OGTT between FH1 and FH2 groups (Table 1).

Chronic Glucose Infusion
Baseline fasting plasma glucose (94 6 2 mg/dL) was
increased to 140 6 2, 142 6 2, and 143 6 2 mg/dL after
24, 48, and 72 h, respectively. After 72 h, the glucose
infusion was discontinued and plasma glucose returned to
the fasting plasma glucose level (90 6 2 mg/dL) prior to
start of hyperglycemic clamp.

Hyperglycemic Clamp Before and After 72 h of Glucose
Infusion
Plasma glucose concentrations during the hyperglycemic
clamp before and after 72-h glucose infusion were similar
in FH2 and FH1 subjects (Fig. 1A and B). The fasting
plasma insulin concentration was slightly higher (P ,
0.05) following 72-h glucose infusion in both FH2 (14 6

1 vs. 96 1mU/L) and FH1 (196 3 vs. 136 1mU/L) (Fig.
1C and D). The fasting plasma C-peptide concentration
showed a similar trend following 72-h glucose infusion in
FH2 (3.76 0.3 vs. 2.46 0.2 ng/mL) and FH1 (3.66 0.2 vs.
3.0 6 0.4 ng/mL) (both P , 0.05) subjects (Fig. 1E and F).

During the hyperglycemic clamp (Figs. 1 and 2), the
increment in first-phase insulin response (0–10 min) was
significantly higher (P , 0.05) following 72 h of glucose
infusion in both the FH2 (4506 78 vs. 8176 152 mU/L $
min) and FH1 (4366 28 vs. 7226 116 mU/L $min; P,
0.05) (Fig. 2A). The first-phase ISR (0–10 min) following
72-h glucose infusion paralleled the increase in plasma
insulin concentration in FH2 (15,403 6 2,768 vs. 22,938
6 3,865 pmol/min; P 5 0.02) subjects, although the
change was not significant in FH1 (16,051 6 1,765 vs.
16,451 6 2,669 pmol/min; P 5 NS) subjects. The in-
crement in plasma insulin/increment in plasma glucose
and increment in plasma C-peptide/increment in plasma
glucose paralleled the incremental changes in plasma in-
sulin and C-peptide concentrations since the increment in
plasma glucose concentration was similar during the hy-
perglycemic clamps performed before and after the 72-h
glucose infusion.

Figure 2—First-phase (0–10 min) and second-phase (10–80 min) plasma insulin responses during the first hyperglycemic clamp step
(100 mg/dL) before (B) and after (A) 72-h glucose infusion in FH2 and FH1 subjects (A and B). Second-phase (90–160 min) plasma insulin
response during the second hyperglycemic clamp step (300mg/dL) (C) and glucose-potentiated arginine-stimulated plasma insulin response
(160–170 min) (D) before and after 72-h glucose infusion.
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The increment in second-phase insulin secretion (AUC)
during first hyperglycemic clamp step (10–80 min) after
72 h of glucose infusion was significantly greater (P ,
0.05) in both FH2 (7,0906 1,047 vs. 2,3276 489 mU/L $
min; P , 0.005) and FH1 (6,979 6 1,298 vs. 2,483 6
336 mU/L $ min; P , 0.005) groups (Fig. 2B). During the
second hyperglycemic clamp step (90–160 min), the incre-
ment in second-phase insulin secretion (AUC) also was
greater in both FH2 (8,823 6 1,542 vs. 4,802 6 1,139
mU/L $min; P, 0.005) and FH1 (7,6326 2,134 vs. 3,265
6 805 mU/L $ min; P 5 0.02) (Fig. 2C) groups following
72 h of glucose infusion. Following 72-h glucose infusion,
the plasma insulin response to arginine increased modestly
(FH2) or did not change significantly (FH1) (Fig. 2D).

MCRI

Following 72-h glucose infusion, the plasma C-peptide
response during the 10–80- and 90–160-min time periods
was less compared with the plasma insulin response in
both FH2 and FH1 groups. The MCRI during both the
10–80 and 90–160 min of the first and second hypergly-
cemic steps was significantly (P , 0.05) reduced in both
FH2 and FH1 subjects (Fig. 3).

b-Cell Sensitivity to Glucose
Despite similar plasma glucose levels during the hypergly-
cemic clamp, insulin secretion (deconvolution of plasma
C-peptide curve) was greater following chronic glucose
infusion (Fig. 1G and H). The rate of increase in plasma
insulin concentration in relation to the increase in plasma
glucose concentration was greater following the chronic
glucose infusion (Fig. 4).

Insulin Sensitivity (M/I Ratio)
Insulin sensitivity (M10–80/I10–80) during the first hypergly-
cemic clamp step decreased significantly following 72 h of
glucose infusion in both FH2 (15.96 3.5 to 12.06 3.0, mg/
kg/min per mU/L; P5 0.02) and FH1 (16.66 3.0 to 12.66
2.3 mg/kg/min per mU/L; P5 0.03) subjects. The decline in

insulin sensitivity was more pronounced during the second
hyperglycemic clamp step (M90–160/I90–160) in both FH2
(18.6 6 4.6 to 8.1 6 2.0; P 5 0.001) and FH1 (16.7 6
3.7 vs. 7.6 6 1.3; P 5 0.005) subjects (Fig. 5).

IS/IR (DC-peptide 3 M/I) Index
The IS/IR (disposition) index in FH2 subjects during
the first hyperglycemic clamp step (10–80 min) (2,278
6 488 to 2,397 6 501; P 5 NS) did not change
significantly. During the second hyperglycemic clamp
step (90–160 min) (8,3896 1,901 to 3,5556 933; P5
0.009) and during arginine infusion (160–170 min)
(2,796 6 578 to 910 6 137; P , 0.05), the IS/IR index
declined significantly following 72-h glucose infusion
(Fig. 6). The decline in IS/IR index in FH1 subjects
paralleled that in FH2 subjects (Fig. 6).

DISCUSSION

The major findings of the current study are that 72 h of
sustained physiologic hyperglycemia (50 mg/dL) in healthy

Figure 3—MCRI in FH2 and FH1 subjects during the first (10–80 min) (A) and second (90–160 min) (B) hyperglycemic clamp steps before
and after 72-h glucose infusion.

Figure 4—b-Cell sensitivity to glucose before and after 72-h glucose
infusion.
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NGT subjects with or without FH of T2DM: 1) enhanced
insulin secretion in absolute terms but caused a decrease
in the IS/IR (disposition) index, which was most evident
during the second hyperglycemic clamp step; 2) resulted in
a decrease in tissue sensitivity to insulin; and 3) markedly
reduced the MCRI. Unlike our previous study, which
demonstrated that 12 h of lipid infusion markedly reduced
b-cell function in FH1 but not in FH2 subjects (23), the
present results demonstrate a similar glucotoxic effect in
both groups.

Controversy exists concerning the effect of prolonged
hyperglycemia on b-cell function. Some studies have
demonstrated that chronic hyperglycemia enhances insu-
lin secretion (18–20,32), while some studies have shown
no effect (17), or even a decrease (21,22). Multiple factors
can explain these discordant results including; magnitude
and duration of hyperglycemia; failure to take into account
changes in MCRI; use of plasma insulin concentration
rather than plasma C-peptide concentration as the index
of b-cell function; and failure to account for changes in
insulin sensitivity and express b-cell function as the IS/IR
(disposition) index. The current study takes into account

all of these variables. First, the hyperglycemic clamp was
used to quantitate plasma insulin and C-peptide responses
to a fixed, highly reproducible glycemic stimulus. Second,
the hyperglycemic stimulus was physiologic, ;50 mg/dL
and within the range of fasting plasma glucose levels
observed in patients with T2DM. Third, the duration of
hyperglycemia, 72 h, was sufficiently prolonged to observe
a deleterious effect on b-cell function. Fourth, measure-
ment of plasma C-peptide concentration allowed for
a more direct measure of insulin secretion. Fifth, because
the hyperglycemia clamp provides a measure of insulin
sensitivity, one can calculate the IS/IR (disposition) in-
dex, which provides a more precise assessment of b-cell
function (24) than can be obtained from simply measuring
insulin secretion. Sixth, because plasma C-peptide and
insulin concentrations were simultaneously measured, one
can examine the effect of chronic hyperglycemia on the
MCRI. Lastly, combined hyperglycemia (400 mg/dL) plus
arginine infusion provides a supraphysiologic stimulus to
the b-cell response to secrete insulin.

Although the plasma C-peptide response tended to
parallel the plasma insulin response (Fig. 1C and D vs. Fig.

Figure 6—IS/IR (disposition) index before and after 72-h glucose infusion in FH2 and FH1 subjects during the first (10–80 min) (A) and
second (90–160 min) (B) hyperglycemic clamp steps. Cpep, C-peptide.

Figure 5—Insulin sensitivity (M/I) in FH2 and FH1 subjects before and after 72-h glucose infusion during the first (10–80min) (A) and second
(90–160 min) (B) hyperglycemic clamp steps.
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1E and F), the magnitude of response during both hy-
perglycemic clamp steps was less than the insulin re-
sponse. Calculation of the MCRI confirmed a marked and
highly significant reduction in MCRI (Fig. 3). Thus, the
increased plasma insulin response following 72 h of
hyperglycemia (Fig. 1) resulted from a small insignificant
increase in insulin secretion and a large significant
reduction in MCRI. This observation underscores the need
to use the plasma C-peptide, not the plasma insulin,
response when calculating the IS/IR (disposition) index as
a measure of b-cell function, especially when there are
large changes in insulin sensitivity, as occurred in the
current study and in our previous study with the insulin-
sensitizing agent pioglitazone (33) and in insulin-resistant
states (34–36). The mechanism by which sustained hy-
perglycemia impairs the MCRI or the organ (liver, kidney,
and muscle) responsible for the decrease in MCRI is not
answered by the present results. We previously demon-
strated that a small physiologic increase in plasma insulin
concentration from 7 to only 21 mU/mL for 72 h caused
marked insulin resistance (37), similar to that observed in
the current study. Since insulin degradation involves bind-
ing of insulin to its receptorvfollowed by internalization
and subsequent degradation (38,39), it is possible that
the hyperinsulinemia-induced insulin resistance interferes
with the internalization-degradation process or inhibits
insulin-degrading enzyme (40). Alternatively, hypergly-
cemia per se or some metabolic consequence of hyper-
glycemia is responsible for the decreased MCRI. Elevated
plasma free fatty acids (FFAs) can reduce the MCRI (41).
Since the fasting plasma FFA concentration can be
expected to be markedly reduced following 72 h of hyper-
glycemia, this is an unlikely explanation for the decrease
in MCRI. Further, since elevated plasma FFAs cause in-
sulin resistance (23,42), while reduction of plasma FFAs
enhances insulin sensitivity (43), the severity of hyper-
glycemia-induced insulin resistance in the current study
would be underestimated. Most studies that have exam-
ined the molecular mechanisms via which hyperglycemia
impairs b-cell function have used cultured b-cells in vitro
or in animal models (5,44,45). In these studies, decreased
insulin biosynthesis and increased b-cell apoptosis re-
lated to impaired PDX-1 activity have been identified
(46). Chronic hyperglycemia also increases reactive oxy-
gen species generation (47) and enhances hexosamine
flux (48), both of which can impair insulin secretion.

In response to the first hyperglycemic clamp step, there
was a small nonsignificant decrease in IS/IR index. How-
ever, during the second hyperglycemic clamp step and in
response to arginine, the IS/IR index was markedly re-
duced (Fig. 6). To our knowledge, this is the first study
in vivo in humans to document a reduction in b-cell
function in response to a progressively increasing b-cell
stress. These results are in agreement with an in vitro
study performed with cultured human islets (13,49). In
response to an acute hyperglycemic stimulus, insulin/C-
peptide are secreted from a readily releasable pool (50).

However, after prolonged exposure to glucose, insulin secre-
tion is more dependent on release of recently synthesized
proinsulin (51). The present results are compatible with a de-
fect in the b-cells’ ability to respond to an acute hyperglycemic
stimulus by enhanced secretion of newly formed insulin.
Arginine increases insulin secretion by b-cell membrane de-
polarization (52) and, in combination with hyperglycemia,
leads to a further increase in insulin secretion. Nonetheless,
the effect of 72 h of physiologic hyperglycemia on glucose-
stimulated and arginine-stimulated insulin secretion was
very similar. The marked defect in arginine-stimulated in-
sulin secretion underscores the previous suggestion that
sustained hyperglycemia for only 72 h impairs b-cell insulin
secretion when exposed to progressively increasing stress.
The decrease in IS/IR index (disposition index) cannot be
explained by reduced b-cell glucose sensitivity (Fig. 4), which,
in contrast, was increased, perhaps reflecting a compensatory
response to offset the decline in insulin sensitivity.

There are some limitations to the current study. While
the hyperglycemic clamp remains the gold standard to
evaluate the b-cell response to glucose, it does not allow
one to evaluate the contribution of the incretin axis (i.e.,
glucagon-like peptide 1 and glucose-dependent insulino-
tropic polypeptide) to the hyperglycemia-induced defect in
b-cell function (20). The duration of hyperglycemia, 72 h,
is relatively short compared with the natural history of
development of hyperglycemia in T2DM, and more pro-
longed hyperglycemia (i.e., weeks to months) could have
produced a more pronounced b-cell defect. However, it
is difficult to keep healthy NGT subjects on the Clinical
Research Center (at South Texas Veterans Health Care
System) for .3–4 days. Nonetheless, the present results
demonstrated that 72 h of physiologic hyperglycemia
is sufficient to induce significant insulin resistance.
Therefore, we believe that it is reasonable to assume
that the presence of hyperglycemia in patients with di-
abetes (which exists for much longer than 72 h) contrib-
utes, at least in part, to the development of insulin
resistance and impaired b-cell function. Consistent
with this, we have shown that treatment of patients
with T2DM for 12 days with dapagliflozin to lower the
plasma glucose concentration significantly improved both
insulin sensitivity and b-cell function (53).

In summary, sustained (72-h) physiologic (50 mg/dL)
hyperglycemia in NGT subjects leads to an increased
plasma insulin response that results from a modest in-
crease in insulin secretion, enhanced b-cell sensitivity to
glucose, and a marked decrease in MCRI. b-Cell function,
quantitated by the IS/IR index during the hyperglycemic
clamp and insulin secretion in response to acute arginine
administration, was significantly impaired by chronic ex-
posure to physiologic hyperglycemia.
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